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Active power filters (APF) are widely used in distribution systems for VAR 
compensation and harmonic filtering. In this thesis, models of Active Power Filter have 
been developed for single-phase, three-phase three-wire and tlmee-phase four-wire 
systems for compensation of single-phase, three-phase balanced and unbalanced loads. 
Both non-linear and inductive linear loads have been considered for each topology of 
APF. Proportional Integral (PI) controller has been used in each control scheme. PI 
controller employs control over the average dc bus capacitor voltage of the active filter 
and maintains it at the reference voltage. It also generates the reference supply currents to 
draw the necessary power from the ac source to feed the real power required by the load 
in addition to the real power required to meet the Active Power Filter losses. A hysteresis 
based bang bang current control is employed for fast and efficient control. Simulation of 
each type of APF has been done for different loads with the help of SABER simulator for 
steady state and dynamic performance evaluation. 

A parallel converter based APF suitable for high power load compensation has 
been proposed. SABER simulation has been done for the parallel converter topology with 
linear and non-linear loads. The parallel converter is a combination of two converters, 
having high power low frequency devices (main converter) and low power high 
frequency devices (auxiliary converter). A neutral point clamped (NPC) converter acts as 
the main converter for VAR compensation of the load. The main converter harmonics 
and load harmonic current are compensated by the parallel connected auxiliary converter 
operating at low power and high frequency. 
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CHAPTER 1 


INTRODUCTION 

1.1 General 

The continuous increase in demand of electricity and lack in its availability have forced 
power engineers to define, study and derive methods for the effective utilization of ac 
supply system Phase-wise unbalanced reactive power demand in power system is due to 
substantial single-phase loads, and large fluctuating industrial and domestic loads, such 
as lighting, welding, heating, commercial building air conditioning, domestics appliances, 
electnc arc furnaces, rolling mills, traction and small process industries, etc These loads 
cause system unbalance and lead to wide fluctuations in the supply voltages Such supply 
system can not be used to feed sensitive loads like computers, electronic equipments, etc 
On the other hand, the presence of unbalance loads results in reactive power burden and 
excessive neutral current, which causes low system efficiency, poor power factor and 
inadequate utilization of distnbution system Moreover, solid-state control of ac power 
using thynstors and other semiconductor devices is being used increasingly to feed a 
number of electrical loads, such as adjustable speed drives, computer power supply, etc 
These electrical loads draw harmonics and reactive power components of current jarom ac 
mams and act as non-lmear loads In three-phase systems, such loads also create 
unbalance and excessive neutral current These unwanted features cause well knoivn 
adverse effects like additional heating, over voltages (due to resonance condition ) m the 
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distribution system, voltage distortions errors in metenng, malfunctioning of relays, and 

\ 

interference with communication and control equipment 

Theiefore, the power quality has become an important issue Many definitions of power 
quality are available m the literature One possible definition of electric power quality 
relates to whether loads are properly served 

1.2 Concepts for Reactive Power Compensation, Load Balancing, 
Harmonics Elimination and Neutral Current Compensation 

In this section, the importance of load compensation is highlighted Load compensation is 
basically the management of power to improve the quality of supply in ac power systems 
The term load compensation is used where the power management is affected for a single 
load The compensating equipments are usually installed on the consumer’s own 
piemises near to load Load compensation has following four main objectives 

(1) Reactive power compensation 

(2) Load balancing 

(3) Hannonics elimination 

(4) Neutral cuixent compensation 
1.2.1 Reactive power compensation 

Reactive power compensation usually means the practice of generating reactive power as 
close as possible to the load which requires it, rather than supplying it from a remote 
power station Most industnal loads have lagging power factors and they absorb reactive 
power The load current therefore tends to be larger than required to supply the real 
power alone Only the real power is ultimately useful in energy conversion and excess 
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load current represents a waste to the consumer, who has to pay not only for the excess 
power, but also for the excess losses produced in the supply cables The supply utilities 
have also good reasons for not transmitting unnecessary reactive power from generators 
to the loads Their generators and distnbution networks can not be used at full capacity 

1.2.2 Load balancing 

The second objective in the load compensation is load balancing Most ac power systems 
are three-phase and designed for balanced operation Unbalanced operation gives nse to 
unbalanced currents in the supply system In a three phase four wire system, current m 
the neutral is expected to be small, typically not more than 40%-50% of normal phase 
currents However, excessive neutral current phenomenon arises, especially in 
unbalanced circuits such as fluorescent lighting loads, computer loads, etc The excessive 
neutral current can potentially affect both the neutral conductor and the transformer to 
which it IS connected Unbalanced currents would have undesirable effects, including 
additional losses in motors and generating units, oscillating torque in ac machines, 
increased npple in rectifiers, malfunction of several types of equipment and saturation of 
transformers 

1.2.3 Harmonic elimination 

A harmonic can be defined as “a sinusoidal component of a penodic wave having a 
frequency that is an integral multiple of the fundamental frequency’ Non-linear loads 
such as computers, electronic-ballast lighting systems in commercial buildings and 
vanable speed dnves draw current m short spurt framed by 50Hz sine wave Such abrupt 
current changes distort the supply voltage Power system problems such as 
communication interference, heating and solid state devices malfunction are the direct 
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result of harmonics Other effects of harmonics can be highlighted as follows (i) Since 
most ac equipments ratings are based on 50Hz losses, the addition of harmonic loss 
components require derating of the equipment (ii) It can cause the solid state device to 
malfunction if the equipment is sensitive to zero crossing (in) Magnetic coupling can 
result between electncal power circuits and communication interference Distortion from 
harmomcs is quantified in terms of a distortion factor 
1.2.4 Neutral current compensation 

Some of the harmonic frequencies produced by balanced single-phase non-linear loads in 
three-phase system, may reinforce each other m the neutral line producing substantial 
current which may exceed the rating of the neutral conductor and result m overheating 
and neutral conductor bum out In an unbalance system, neutral current phenomenon 
leads to the presence of negative sequence components also, along with zero sequence 
components 

1.3 State-of-the-Art 

This section presents the state-of-the-art on load compensation technology It is 
sectionahzed on the basis of passive or active components used for load compensation 

1.3.1 Use of passive component for load compensation 

In the industnes, where normally the cost is a major consideration and loads are generally 
of fixed static type, the use of passive components is recommended for reactive power 
compensation, harmomcs elimination and load balancing Use of passive filter may be a 
likely solution with an affordable pnce, for the filtenng of low order current harmonic 
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frequencies However, the performance of passive filter depends on load and system 
charactenstics 

1.3.2 Use of active components for load compensation 

While compensating continuously varying loads present in the varying system parameter 
environment, passive filter may not provide desirable compensation In such cases, 
recently developed active power filters are considered more appropnate The concept of 
active power filters has been introduced a long back, but its utility in practical system has 
become feasible only after the tremendous improvement in the semiconductor device 
technology, thus providing better, reliable and more economical systems Moreover, a 
number of control methods in single-phase, three-phase three-wire, and three-phase four- 
wire systems are reported for the improved performance of active power filter A gradual 
refinement in active power filter technology can be observed in terms of fast response, 
improved transient performance, optimum selection of energy storage components and 
reduction in the rating of active power filter 

1.3.3 Development of control methods 

Control methods for active power filters can be employed either in frequency domain or 
in time domain Correction m frequency domain is accomplished by using either 
predetermined harmonic injection method or by including penodic charactenstics of the 
distorted waveform Its disadvantage lies in the enormous computational requirements 
needed for a solution, which results in longer time delay Time domain methods are based 
on the use of instantaneous voltage or current signals, or averaging them over a small 
time The mam advantage of time domain correction is its fast response to changes in the 
supply system or in the load 
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1.3.4 Load compensator providing discrete control 

Dealing with fixed static loads, the compensation is generally achieved by using passive 
components However, m the event of varying load, switching devices controlled passive 
device may give a discrete control over compensating action Vanous types of 
compensator are identified for realizing vanable reactances (required for load balancing 
and reactive power compensation) by saturable reactor, thyristor controlled reactor 
(TCR), thynstor switched capacitor (TSC) or by combination of TCR and TSC Saturable 
reactor compensator was the first type of compensator to be developed and applied 
successfully in the power system It consists of a saturated reactor and a fixed capacitor 
bank But this has limited flexibility with regard to modification of its charactenstics and 
IS thus less adaptable to changing system condition as compared to thynstor controlled 
reactors or capacitors Thynstor controlled reactor compensator consists of six-pulse or 
twelve pulse thynstor controlled reactors with a fixed shunt capacitor bank The thynstor 
switched capacitor compensator consists of a thynstor switched capacitor bank which is 
split into a number of binary weighted units to achieve a step-wise control In the 
practical configuration, a reactor is also applied to leduce the rate of change of inrush 
current through shunt capacitor 

The combination of TCR and TSC gives a smoothenmg effect to the step-wise vanation 
of the TCR or TSC separately The TCR/TSC compensators have low operation losses as 
the rating of the smoothenmg reactor is smaller than the rating of reactors applied in other 
TCR static compensators Such compensators are often know as static compensators, and 
are able to deal with reactive power and load balancing problems effectively However, 
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these compensators do not provide current hamionics elimination, on the contrary they 
introduce harmonics m the supply system 
1 3.5 Load compensator providing continuous control 

With the proliferation of more varying linear /non-linear unbalanced reactive t>'pe of 
loads, it has become imperative to realize the concept of active power filter, so as to 
provide a dynamic and adjustable solution to improve the power quality Mainly, two 
types of converters either voltage source inverter (VSI) or current source inverter (CSI) 
can be used as an active power filter So far a clear trend for a preferred type of active 
power filter either VSI or CSI has not been identified m the literature The choice 
depends on source of distortion, equipment cost and amount of correction desired CSI 
type converters are considered to be sufficiently reliable but suffer from the 
disadvantages of higher losses and higher values of parallel ac power capacitors VSI 
types of converters have several advantages They are lighter, less expensive and can be 
readily connected in parallel or senes to increase their combined rating Their combined 
switching rate can also be increased without increasing individual switching rates Hence, 
the present trend is to use a voltage source converter in the network for wide 
compensation, so that effectively the rating and switching frequency can be effectively 
increased 

Apart from the advantages offered by voltage source converters, the performance of the 
APF greatly improves if it is capable of tracking the reference currents as closely as 
possible VSI operated in the current controlled mode exhibits higher level of dynamic 
performance since the output current of the converter is not subjected to delay caused by 
non-hnear electncal circuit of the load Voltage source inverter can be controlled to 
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realize either ideal supply currents or ideal APF currents Control ovei supply currents 
may cause APF overloading in the event of sudden load disruptions So m viev^^ of this, 
control over APF current is employed using hysteresis based current control Considenng 
these points, current controlled voltage source inverters are used as APFs in this thesis 
(Chapter-2 - Chapter-4) 

1.4 Literature Review 

Single-phase active power filters are reported by many authors in various types, such as 
shunt active power filter [3], senes active power filter [4] and combination of senes and 
shunt both [5] 

Moran et al [10] have proposed use of three-phase three-wire PWM voltage source 
inverters operating at different switching frequency compensating for specific current 
harmonic components of non-hnear load This way, PWM inverter operating at lowest 
switching frequency, compensates low frequency current harmonics Thus the second 
PWM inverter operating at medium switching frequency compensates medium switching 
load current harmonics and the third PWM inverter operating at high switching frequency 
compensates for high frequency current harmonics present The voltage source inverter 
operating at the lowest switching frequency is designed with the highest rated power 
Fumhashi et al [14] and Chen et al [15] have utilized full bndge three-phase topology as 
an active power filter for three phase four wire system It consists of three independent 
single-phase full badge voltage source inverters with a common dc bus and requiies three 
single-phase transformers or a three-phase transformer with access to individual 
windings The pnmary side windings of three single-phase transformers are connected in 
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star, and path to neutral current is provided by connecting supply neutral to the star point 
of the pnmary transformer windings 


1.5 Organization of the Thesis 

Chapter 1- In this chapter an overview of degrading power quality and importance of 
compensators in the power system are given Some significant gaps in different aspects of 
compensation are identified. 

Chapter 2- This chapter starts with the basic configuration of a single-phase active power 
filter and leads to the mathematical modeling of the system, active power filter and 
different linear and non-linear loads The control technique and the system are simulated 
to investigate the performance of the APF model 

Chapter 3- In this chapter, a work pertaining to the steady state and transient analysis of a 
three-phase three-wire active power filter is examined The theoretical basis of the 
control scheme m light of three-phase three-wire system is discussed The mathematical 
models of tliree-phase tliree-wire system compatible active power filter and three-phase 
three-wire balanced/ unbalanced and linear/ non-hnear loads are developed for simulation 
with SABER simulator 

Chapter 4- This chapter examines the load compensation in a three-phase, four-wire 
distnbution system Two configurations of active power filters are proposed and the 
topologies have been simulated for linear and non-lmear loads 

Chapter 5- This chapter presents a combination of parallel compensators, which have 
been shown to be useful for high power loads with large VAR and harmonics In the 
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proposed topology, the combination of high power low frequency devices and low power 
high fiequency devices are utilized to their full capacity 

Chapter 6 - This chapter presents the conclusions and suggestion for future work 


10 



CHAPTER 2 


PERFORMANCE ANALYSIS OF ACTIVE POWER FILTER 

IN SINGLE-PHASE SYSTEM 

2.1 General 

The concept of reactive power compensation using passive components is already 
introduced in the preceding chapter However, compensation by passive elements is not 
advisable if the loads are time varying m nature Single-phase power conversion 
equipment required for rectifier fed vanable speed dnves, light control, temperature 
control, ac voltage regulators, SMPS, UPS, etc employ non-linear switching devices 
such as thyristors, diodes and tnacs, which inject harmonics in to the ac mains Under 
such load conditions use of single-phase active power filter is advisable in the system 
This chapter presents simulation and performance analysis of single phase active power 
filter 

2.2 Description of Single-phase System 

A Single-phase system consists of a single-phase active power filter (APF), its controller 
and load Fig 2 1 and Fig 2 2 show the basic power circuit of the system The active 
power filter is a conventional single-phase voltage source inverter using power electronic 
switch as switching devices, and a dc capacitor as an energy storage element It is 
connected in parallel with load and supply system In Fig 2 1, the ac mains is suppl>mg a 
load comprising a single-phase diode bridge rectifier feeding a resistive-capacitive load 
Fig 2 2 shows a single-phase system feeding to a group of linear and nonlinear loads, 
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consisting of unconti oiled diode budge lectifiei feeding a lesistive-capacitive load, an 
inductive load and an ac voltage controller feeding a lesistive load 



Fig 2 1 Single-phase active powei filtei 


Foi compensation of loads, two loops are employed Firstly, the outer loop which 
geneiates the amplitude of lefeiencc supply cuiient signal Depending upon the control 
scheme, voltage and cuiient reference signals aie fed to the contiollei The output of 
contiollcr followed by a liirdei (Tm*) decides the amplitude of lefeience supply current 
With the help of sensed input supply voltage, the instantaneous phase information is 
obtained By using the phase and amplitude signals, the instantaneous reference supply 
cuiient (is*) IS derived in phase with the supply voltage foi unity power factor current 
Instantaneous reference APF current (iq ) is computed by subtracting actual load cuirent 
(ii) from instantaneous leference supply current (is*) 
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Secondly, the current control loop employs hysteresis current control over reference APF 
cunent (i*c) and actual APF current (ic) to geneiate the gating pulses for APF switches 
This force APF current to follow the desired reference APF current signal generated by 
control teclinique 



2.3 Proportional-integral Controller 

The operation of PI controller is depicted in Fig 2 3 It can be explained by identifying 
flow of signals In this control scheme, the outer loop is a voltage control loop, which 
forces dc bus capacitor voltage of APF to stay m close proximity of the preset dc bus 
reference voltage 
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Fig 2 3 PI control scheme for single-phase APF 
In single-phase APF, the voltage of the dc bus capacitor experiences second order 
harmonic npples of ac mains fundamental frequency This voltage is averaged over the 
npple period to be used as an input to the error detector Another input to the error 
detector is the preset dc bus reference capacitor voltage The error detector compares both 
the inputs and produces an output called voltage error The voltage error signal is then 
processed in the PI controller The output of the controller is then fed to a limiter The 
limiter puts a limit on output of the PI controller, and decides the maximum amplitude of 
the reference supply current 

The action of the controller under steady state and transient state is descnbed as follows 
In steady-state, power supplied from the mams must be equal to the real power demanded 
by the load plus a small component of real power to feed switching losses and capacitor 
dielectric losses etc Hence, the average voltage of dc capacitor can be maintained at a 
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constant value If a power imbalance, such as transients caused by load change, occurs, 
the dc capacitor must supply power difference between mams and load in the transient 
state It results in voltage fluctuation of dc capacitor If leal power supplied from the 
mams is smaller than that demanded by the load, the rest of the required power is 
supplied by the dc bus capacitor of the APF which causes reduction m average voltage of 
dc bus capacitor At this moment, amplitude of the mams current must be increased to 
increase the real power drawn from the mams 

If the load on system reduces, the excess energy supplied by ac mams is absorbed by the 
dc bus capacitor of the APF It causes a nse m the dc bus capacitor voltage of APF The 
ac mams current must decrease to feed the new lower load requirements The limiter puts 
a limit on the amplitude of reference supply current or indirectly limits the maximum 
current supplied by active power filter Limit on amplitude of reference supply current is 
essential since during transients (such as load application) expenenced by the system, the 
dc bus capacitor faces a large decrease in the stored energy of capacitor, resulting m large 
increase in the controller output The high value of reference supply current and thereby 
the reference APF current may even go beyond the rating of the active power filter 
components Moreover, large voltage vanations on dc bus capacitor of APF reduce its 
life Therefore, in order to operate the active power filter with safe operating current, it 
becomes desirable to put a limit on the commend output of the controller Such a limit 
ensures that in no case the reference supply current will be allowed to jump more than the 
set value Both controller and limiter are parts of outer control loop of filter control 
structure 
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The outpul ol this contiol loop geneiates the amplitude of refeience supply cunent (Imi/) 
Foi the phase of icfeience supply cuiient, unit cunent template (u(t)) is geneiated by 
sensing input supply voltage (vs) using voltage sensoi With the help of amplitude and 
phase mfoimation, an instantaneous leference supply current (ij*) is estimated Ideally, 
this cunent must be supplied by ac mams Howevei, with self suppoiting dc bus, 
lefeicnce supply cunent signal consists of leal powei lequiied by the load and another 
small component of leal powei is needed to replenish filter losses Instantaneous 
lefeience APF cunent (it,*) is computed fiom instantaneous leference supply ciiirent (is*) 
and sensed load eunent (i|) 

Foi geneiating active powei filtei cunent such that it follows the lefeience APF curients, 
the inveiter lequires a paiticulai type of ON/OFF pattern for its switches (which use 
powei electionics switch with anti-paiallel diode) This pattern is geneiated by employing 
hystciesis cunent contiollei The cuirent compaiatoi has a hysteiesis band (hb) that 
detcimmes peimitted deviation of actual APF cunent fiom instantaneous refeience APF 
cunent befoie mvertei switching is initiated Depending upon hysteiesis band, outer and 
innci envelopes of lelcicnce cunent aie geneiated and actual cunent is allowed to move 
between two envelopes only Thus actual APF cunent tracks the refeience cuirent 
without significant amplitude enoi oi phase delay 
2.4 Mathematical Modelling of the System 

Different parts of the system described in the section 2 3 aie modelled separately A 
sequential mathematical modelling is carried out for the PI voltage controller 
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2.4 1 Supply system 

Undei noimdl opeialing conditions, supply system could be modelled as a sinusoidal 
voltage soLiice of amplitude Vsm and frequency f Its instantaneous value can be 
expiessed as 
vs(t)=Vsni sincot 

Wheie co=2 '3 1 4“ f electncal ladians/second 
u(t)=vs(t)/V sm=sma)t 

2 4 2 Proportional-Integral controller 

The dc bus capacitoi of active powei filtei is sensed using a voltage sensor and compared 
with set lefeicnce voltage (Vdc.*) The lesulting voltage erior Vt(n) at nth sampling instant 
IS expiessed as 

i: 

-Vdi.a(n) 

The output of PI voltage contioller Vo(n) at the nth sampling interval is expiessed as 
Vo(n) =Vo(n-l )+Kp{Vc{n)-Vs(n.l))+K.Ve(n)=Ism* 

wheie Kp and Ki aie piopoitional and integial gam constants of the voltage legulatoi 
V(on), Va(ii-i) and V(en), Vc{n-i) aie the outputs of the controller and voltage eiiois at nth 
and (n-l)th sampling instant lespectively The output Vo(n) of the voltage contiollei is 
limited to a sale value and lesulting limited output is taken as amplitude of the lefeience 
supply CLiiicnt km* 

2 4.3 Reference supply current generation 

The unit template u(t) obtained from sensed supply voltage is multiplied with the 
amplitude ol lefeience source cunent km* The lesultmg signal as instantaneous leference 
supply cuiient and given as 
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Is(t)'= Ism U(t)= Ism'sincol 

2.4.4 Retc'rencc active power filter current estimation 

Refeieiice APF cuiient (i^ ) is computed by a using an erroi amplifier The diffeience 
between instantaneous leleicnce supply cuiient (k ) and instantaneously sensed load 
cuiient (ii) must be supplied by APF So, the lefeience APF cunent is expiessed as 

J i 

k =ls -1| 

2 4 5 Current controller 

Flysteicsis cunent contiol is employed ovei actual APF cuiient (ic) and lefeience APF 

cunent (k) It contiibutcs to the switching pattern of APF devices 

K<(k*-hti) Lippei switch IS OFF and lowei switch is ON 

iL>(k'^hb) Lippei switch IS ON and lowei switch is OFF 

wheie hb is hystcicsis band of cunent contiollei 

2.5 Simulation 

In the pievious section, all components of the system aie modelled In this section the 
smiLilution ol the system, has been made and the peifoimance has been evaluated In the 
simulation pioccss PI controllei has been used and non-hnear/inductive loads are taken 

1 he haimonic analysis of compensated supply cunent and load cunent is pei formed by 
using sabei-scopc and simulation has peifoimed by using sabei-sketch 

Powci ciicuit of single-phase active powei filter is using in sabei-sketch shown in Fig 

2 4 and the contiol ciicuit modelling block diagiam in SABER shown in Fig 2 5(a,b) 


18 



amfilftiJlie 100 
Ttequenc 5U 





Fig. 2 5(a) Power circuit of single-phase APF 
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Fig. 2.5(b) Control circuit of single phase APF 











2.6 Results and Discussion 

Performance characteristics of the active power filter under various loading conditions 
are demonstrated in this section. Two t 5 /pes of loads are considered. The first one is a 
single-phase uncontrolled diode bridge rectifier feeding resistive-capacitive load and 
second is an inductive load. 

2.6.1 Compensation of non-linear load 

The compensation characteristics of the active power filter using a PI controller to 
compensate a single-phase diode bridge rectifier feeding a resistive-capacitive load is 
shown in Figs. 2.6-2. 8. In Fig. 2.6, vs is the ac main supply voltage, is is the compensated 
supply current, ij is the load cmrent. The active power filter current, ic, and the dc 
capacitor voltage Vdc are shown in Fig. 2.7. Harmonic spectrum of load and source 
currents are shown in Fig. 2.8. It can be seen there by the APF we can compensate from 
THD=33.8% up to THD=4%. 
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Fig. 2.6 Supply voltage, current and load current 
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Fig. 2.7 Compensating current and dc link voltage 
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Fig. 2.8 Harmonic 






2.6.2 Compensation of inductive load 

Figs. 2.9-2.10 show the performance characteristics of active power filter for 
compensating inductive load. The source voltage, vs is single-phase 70.71V, 50Hz. 
Specification of compensator 

Capacitor 2000 pF 

Synchronous Link Inductor 0.8 mH 

Synchronous Link Resistor 0.5 Q 

Initially pure resistive load is connected. After 0.05 sec., an inductive load is switched on 
Fig. 2.9 shows that source voltage and source current are in phase, and dc link voltage 
during steady state condition 150V. 


s 
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Fig. 2.9 Source voltage, current and load current 
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Fig. 2.10 Compensation current and dc link voltage 


2.7 Conclusion 


The simulated results of the single-phase active power filter using PI controller for the 
compensation of non-linear and an inductive loads have been presented. With the help of 
the APF, the harmonics in the load current is compensated to give a source current THD 
of 4%. The dc bus voltage regulation is found to be acceptable and during transient 
conditions the dc bus voltage oscillates before approaching a constant value. 
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CHAPTER 3 


PERFORMANCE ANALYSIS OF ACTIVE POWER FILTER 
IN THREE-PHASE, THREE-WIRE SYSTEM 

3.1 General 

Most of ac power systems are designed for balanced operation. Compensation 
characteristics of the active power filter are modified to include load balancing aspect 
along with reactive power compensation and current harmonic elimination abilities. 
Section 3.2 presents the description of the system, which consists of ac source, APF and 
loads. Section 3.3 describes the control scheme for the three-phase system under steady. 
A mathematical model is required to examine the dynamic performance of the proposed 
APF. It becomes often desirable that even after having subjected to certain simplifying 
assumptions, the model so developed must represent the real time system. The 
mathematical model of the system used here consists of equations expressed in terms of 
operating variables of the system. Steady state and transient performance of active power 
filter is simulated for three-phase linear and non-linear loads with lagging power factor. 
The results demonstrate the harmonic filtering and reactive power compensation 
capabilities of the APF. 

3.2 Description of the Three-phase, Three-wire System 

The configuration of the three-phase, three-wire active power filter including load and 
supply system is shown in Fig. 3.1. This section presents a brief description of the active 
power filter and other important components required for its operation. 
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The shunt active power filter consists of a three-phase voltage source inverter with a dc 
bus storage capacitor 'I’he working of the system can be also be understood from the 
block diagram m the Fig. 3.2. 



Fig.3.1 Basic circuit of the three-phase, three- wire shunt APF 
The proposed system uses two control loops namely, dc link voltage control loop (outer 
loop) and current control loop (inner loop). Outer control loop is responsible for the 
generation of amplitude of reference supply current signal and inner loop is used for the 
realization of reference APF currents. With the help of instantaneously sensed supply 
voltages (vsa, vsb, v.sc) and limited output of outer control loop (km*), instantaneous three- 
phase rclerence supply currents (isa*, isb*. kc*) are generated Three-phase instantaneous 
reference APF currents (ica*, icb*. ice*) are generated by using three-phase reference 
supply currents (isa*. kb*, kc*) and sensed load currents (iia. iib. iic)- The second loop, 
which is a current control loop, uses hysteresis current control to maintain actual APF 
currents (ica, icb, icc) in close proximity of reference APF currents (ica . kb . ice )• 
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Continuously varying balanced linear and non-linear loads are compensated by APF 
using the proportional integral controller. 

3.3 Proportional-integral Controller 

The PI controller, as shown in Fig 3 2, estimates the amplitude of reference supply 
current (Tm*) To avoid oscillation in the steady state it is necessary to extract a steady 
voltage out of continuously varying voltage of dc bus capacitor This can be obtained by 
sensing the voltage of dc bus capacitor at every ripple period or by averaging dc bus 
capacitor voltage over ripple period 

The comparator calculates the error between the reference voltage and the filtered dc bus 
capacitor voltage In response to the input error signal, the PI controller generates the 
output (hni*) In the event of any load disturbance, instantaneous voltage of the dc bus 
changes which is an input to the comparator. If load requirement increases, it is fulfilled 
by the active power filter instantaneously, which causes a dip in the in the APF capacitor 
voltage In response, output of the voltage error detector increases. 

The output of the PI controller is fed to the limiter The limiter puts a limit on the 
reference supply current signal (fm*)- Limiter is essential because on the sudden 
application or removal of loads, APF should not be allowed to carry currents beyond the 
rating of its switching devices. This may lead to blowing up of the inverter switching 
devices. 'Fhe phase information for each phase is obtained by sensing the three-phase 
supply voltage (vsu, vsb, v.sc) instantaneously by using voltage sensors. 
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Mg 3.2 PI control scheme for three-phase, three-wire shunt APF 


With the help of available magnitude (Ism*) and phase information, three-phase 
instantaneous reference supply currents (i.sa*, i.sb*, isc*) are determined. With the help of 
instantaneous reference supply currents (isa*- hb*. isc*) and instantaneously sensed load 
currents (iia, iib^ iic)-i th® three-phase reference APF currents (ica*5 icb*i icc*) are estimated, 
fhree current sensors are used to sense actual currents of the APF The active power filter 
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currents are controlled by using hysteresis current control. The output of current 
controller derives the gating signals for switching devices of the APF. 

The operation of current controller has been explained here. On the basis of the defined 
hysteresis band hb, two envelopes namely the upper and lower of phase reference APF 
current signals are formed, and the actual APF current signal is allowed to move within 
these two boundaries. If the APF current crosses the upper boundary of reference current 
signal, upper switching device of that phase leg is switched/‘on”. This causes the dc link 
voltage to appear across inverter output terminal, opposing the flow of actual APF 
current. When APF current touches the lower boundary of the reference current signal, 
the lower switching device of that phase leg is turned “on”. This results in a reverse 
polarity dc bus capacitor voltage to appear across inverter terminal, which increases the 
flow of APF current, forcing the current to stay within the defined boundary. 

Similarly, all switching devices of three legs are switched “on” or “off’ depending upon 
the status of actual three-phase APF currents relative to three-phase reference currents of 
the APF. 

3.4 Mathematical Modelling of the System 

The proposed APF system comprises three-phase, three-wire ac source, load, APF and its 
control schemes. In this section all components of the system are analyzed separately to 
develop a comprehensive model to simulate its behavior. 

3.4.1 Supply system 

Under normal operating conditions, three-phase supply system is of sinusoidal and 
balanced nature. The input ac voltages vsa, vsb, and vsc are sensed with the help of three 
voltage sensors and given by: 
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Vsa=V-sni sin(cot) 

Vsb=Vsin sin(tot-120") 
vst=Vsm SI n( 0)1-240'’) 

where Vsm is amplitude of source voltage and co is the frequency in electrical radian/sec. 
The sensed voltages are used to derive the unit current templates in phase with ac source 
voltages as follows: 

Usa =Vsa/Vsni; 

Llsb— Vhb/Vsin; 

UsL=Vsc/Vsm; 

where Vsm is computed as. 

Vsm='/ {2( Vsa“+Vsb"+V.sc“)/3 } 

3.4.2 Proportional integral controller 

A simple PI control for dc bus capacitor voltage of APF is used for the closed loop 
control. 'Fhc dc bus voltage is filtered and is compared with its reference value. The 
resulting voltage error at the nth sampling instant is expressed as: 

Vc(ii) 

The output ol" PI controller Vo(n) at the nth sampling instant is expressed as; 

Vo(ii) - Vo{n-l)+’Kp(Ve(n)-Ve(n-l))+KiVe(n) 

where Kp and Ki arc respectively proportional and integral gain constants of voltage 
controller. The output Vo(ii) of voltage controller is taken as amplitude of source current 
(km*) after limiting it to a safe value. 
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3.4.3 Reference supply current generation 

Using the above generated unit current templates and amplitude of reference supply 
CLiiicnt signal, instantaneous three-phase reference supply currents are computed as; 

~“lsiii * Usa, i,,h Usb; lsc*~Isnf' t-l.sc 

3.4.4 Reference active power filter current estimation 

The thiee-phase reference APF currents are estimated with three-phase reference source 
instantaneous currents and sensed three-phase load current as follows- 
lea ' - isa ' -ihi icb ' isb^'”i|b ltc’*'~isb'*'“llc 

3.4.5 Current controller 

Hysteresis current control is used for fast control of APF currents. The current controller 
lor three-phase APF currents generates the switching pattern to the APF devices 
Switching logics are : 

'Fable no. 1 


Instantaneous 

Phase 

Upper switch 

Lower switch 

f'urrent status 




iai<(iea*-hh) 

A 

OFF 

ON 

iciU-dca* t hb) 

A 

ON 

OFF 

icb<(icb*-hb) 

B 

OFF 

ON 

ii;b>(icb*'t-hb) 

B 

ON 

OFF 

icc<(icc*-hb) 

C 

OFF 

ON 

icc>(iec*'^hb) 

C 

ON 

OFF 


In the above table, hb is the hysteresis band. 
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3.5 Simulation 


This section presents the performance simulation of system shown in Fig. 3.1. The set of 
first order differential equations along with other expressions defined the dynamic model 
of APF system. All the simulation has been done by the SABER software and harmonic 
analysis of load current and source current has been done by SABER scope. Source 
voltage is three-phase balanced with constant amplitude and frequency. Loads are non- 
linear and inductive, for steady state simulation. For Dynamic performance evaluation, 
the loads are changed during the simulation. 

Specification of three-phase APF 


Supply voltage 

35.35 V 

Frequency 

50 Hz 

Link inductor 

4mH 

Link resistor 

0.8 a 

Capacitor 

6000 pF 


3.6 Results and Discussion 

In this section, the reactive power compensation and harmonic current elimination 
capabilities of APF are demonstrated by the results obtained from SABER simulation of 
the system. 

3.6.1 Compensation of non-linear load 

Active power filter is used for harmonic elimination from non-linear loads. For this 
purpose a three-phase uncontrolled diode bridge rectifier with resistive-capacitive loading 
is taken as the load. This type of load behaves as a non-linear balanced load. Peak 
amplitude of supply voltage is 50V, and frequency is 50Hz. In Fig. 3.3, balanced three- 



phase non-linear load currents are shown up to O.lSsec., and load currents have 
harmonic distoition. Fig. 3.4 shows balanced three-phase voltage source and source 
currents, which are fully sinusoidal with unity power factor. The THD of the source 
current is 3.9%. Hannonic spectrum is shown in Fig. 3.6. 

Fig. 3.5 shows compensating current which is also balanced. The dc link voltage is more 
than 150V, which is three times of peak amplitude of source voltage. 


(A):t(s) 



t(s) 


Fig. 3.3 Three-phase non-linear load currents 
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Fig. 3.5 Compensating currents and dc link voltage 
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Fig. 3.6 Harmonic spectrum of load and source currents 
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3.6.2 Compensation of inductive loads 

Figs. 3. 7-3. 8 present the steady state and -dynamic performance of the active power filter. 
Three-phase balanced inductive loads are connected and currents have 30' phase lag from 
the phase voltage, and this is shown in Fig. 3.7. After O.lsec., the inductive loads are 
switched off, leaving only the resistive load connected. The switching of load from 
inductive to resistive gives dynamic performance of the compensator. From Fig. 3.7 there 
is no effect on the source current but compensating currents are approaching to zero 
value, which is shown in Fig. 3.8. The dc link voltage is shown in Fig. 3.8 during this 
transient. 

3.7 Conclusion 

A three-phase three-wire APF suitable for compensation of non-linear and lagging power 
factor loads has been presented. The APF compensates the harmonics in load current 
resulting in a source THD of 3.9% which is within the specified IEEE-519 standard. The 
APF also provides VAR compensation, which makes source current power factor unity. 
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Fig. 3.7 Inductive load current and compensated source current with supply voltage 
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Fig. 3.8 Compensating currents and dc link voltage 
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CHAPTER 4 


PERFORMANCE ANALYSIS OF ACTIVE POWER FILTER 
IN THREE-PHASE, FOUR-WIRE SYSTEM 
4.1 General 

In the previous chapter an extensive and detailed study of active power filter in three- 
phase, three-wire system is carried out. Such filter is capable to deal with balanced non- 
linear and reactive loads. The compensation of balanced and unbalanced compensated 
load in three-phase four-wire system is also important, because unbalanced and 
uncompensated loads can give rise to excessive neutral current and detenorate the quality 
power. Two configurations of VSI based active power filter using either three single- 
phase voltage source inverters and four-leg voltage source inverter are used as active 
power filter in three-phase, four-wire distribution system. Single-phase unequal lagging 
power factor linear loads may result in large current in neutral wire of the three-phase, 
four-wire system. Such loads are considered for reactive power compensation, load 
balancing and neutral current compensation. Single-phase equal non-linear loads can also 
cause significant neutral currents, because of third harmonic and odd multiples of 3'’'’ (i.e. 
9*, 15‘'’ etc.) which are co-phasal and do not cancel each other in the neutral. A set of 
three single-phase equal non-linear loads are considered to demonstrate reactive power 
compensation, harmonic elimination and neutral current compensation (mainly consist of 
zero sequence component of load current). Controller is expected to control the active 
power filter to perform the reactive power compensation, neutral current compensation 
and current harmonic elimination of such loads. 




Fig. 4. 1 Basic circuit of the three-phase, four-wire shunt APF 

4.2 Problems Associated with Neutral Current 

In three-phase, four-wire supply system, neutral current is the sum of three line-to-neutral 
currents. With balanced three-phase sinusoidal currents, which consist of sine waves 
spaced 120 electrical degrees apart, the sum at any instant of time is zero, and so there is 
no neutral current. However, in practice, unbalance in phase currents may occur due to 
various practical limitations. The generation of neutral current into balanced supply can 
be (i) due to load unbalance (ii) due to presence of non-linear loads. 

In most three-phase power systems supplying single-phase loads, there will be some 
phase current unbalance resulting in some neutral current. 
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Fig. 4.2 Basic circuit of the three-phase, four-wire shunt APF using four-legs 



Fig. 4.3 Basic circuit of the three-phase, four-wire shunt APF using split capacitor 


Q 







Small neutral current resulting from slightly unbalanced loads does not cause problems 
for typical building power distribution systems. However, significantly unbalanced linear 
loads cause the flow of current into neutral wire, which may larger than what neutral wire 
is rated for. 

There are conditions, where even perfectly balanced single-phase loads can result in 
significant neutral currents. Non-linear loads have phase currents which are not 
sinusoidal. The sum of balanced, nonsinusoidal, three-phase current is not necessarily 
zero. In three-phase circuits, the triplen harmonics neutral currents (third, ninth, etc.) add 
instead of cancel. The triplen harmonic currents are in phase with each other, therefore, 
add in the neutral circuit. 

The situation becomes worse when three-phase unbalanced non-linear loads are existing 
in three-phase, four-wire supply system. Neutral current because of load unbalance and 
triplen harmonics adds up and rises to excessively to high values. 

Potential problems directly related to excessive harmonic currents in the neutral 
conductor are: 

(i) Wiring failure due to improper sizing of the neutral conductor. 

(ii) Overheating of the transformer due to harmonic currents, insulation damage 
and failure. 

(iii) Excessive neutral to ground voltage due to voltage drop caused by the neutral 
current. 

This common mode potential can result in the malfunction of sensitive electronic 
components. In view of above highlighted problems, it becomes imperative to reduce 
neutral current below the accqitable levels. 



4.3 Description of Three-phase, Four-wire System 

I his section discusses overall system structure including loads Figs. 4.2 and 4.3 show 
the schematic diagrams ol active power filters connected in parallel to the ac mains and 
load 1‘ig. 4 2 shows the circuit of an active power filter, comprising power electronics 
switches based voltage source inverter Its working principle is similar to three-phase 
voltage source inverter 'with three-phase legs controlling current in each phase However, 
a fourth leg is added to control the current in neutral wire, thereby introducing current in 
neutral wire in phase opposition to load neutral current 

Selection of three single-phase voltage inverters as an APF as shown in Fig 4.1, is made 
because it lacilitates independent control of all the three-phases, leads to less voltage 
stresses on the solid state devices of active power filter, and provides isolation from the 
main circuit and a return path to neutral. Four-leg voltage source inverter configuration 
(I’ig. 4.2) as active po’wer filter offers use of less complex and more reliable control 
circuitry, but more voltage stresses on the solid state devices as compared to three single- 
phase VS Is. It also requires larger dc bus capacitor voltage since solid state devices 
switch only half of actual dc bus capacitor voltage therefore more losses in the active 
power filter can be predicted. However, in low voltage distribution systems, this may be 
preferred because of its above stated advantages. 

j.’ig. 4.4 shows the schematic control block diagram for a four-leg VSI APF. With three 
single-phase VSls as an APF only inc* is not generated. As explained m chapters 2 and 3, 
two control loops are employed. Outer loop determines the amplitude of reference supply 
current signal (I,,,,*). The instantaneous reference supply current (isa*, isb*, isc*) signals are 
estimated by using therc-phase instantaneous sensed phase voltages (vsa, vsb, vse) and 
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limited output of the controller (!,„;) Instantaneous APF reference currents (i.a*, icb*, icc^) 
are generated by using instantaneous supply reference signals (isa^ isb*, isc*) and sensed 
thiee-phase loads cunents (iia, in,, Such generated three-phase current signals work as 
leleience to the thiee single-phase VSI bridges. The reference APF neutral current (inc*) 
ol loLii pole VSI budge is computed by using the sensed load currents A hysteresis based 
CLiiient contiol is employed over reterence and sensed APF currents to achieve fast 
lesponse. Ihiee, two, or one single-phase linear / non-hnear loads can be compensated by 
using APF cii cults in three-phase, four-wire system 

4.4 Proportional Integral Controller 

Fig. 4.4 shows the basic overall control scheme with a PI controller. The amplitude of 
relerence suppl}' current (km ) is generated by employing PI voltage control on dc bus 
capacitor voltage ol active power filter. The dc bus voltage is sensed using a voltage 
sensor. I'he averaged voltage of the dc bus capacitor of APF and its preset reference 
value are fed to an error detector. The output of the error detector is the input to the PI 
controller. If dc bus capacitor voltage of APF dips, controller increases its output to 
restore the dc capacitor voltage and if the error is negative then output of controller 
reduces so that capacitor discharges some of its energy m load and returns back to the 
referenee wilue. In this manner, the voltage on the dc bus of an active power filter is 
regulated. The limited output of controller becomes the amplitude of reference supply 
currents ( I.sn, ). 
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Pig. 4.4 Proportional-integral control scheme for three-phase, foxir-wire APF 

4.5 Mathematical Modelling of the System 

Mathematical model of proposed APFs are developed including ac supply system and 
load. Basic equations governing the system dynamics are presented in this section to give 
insight into APF working principle. 


43 










4.5.1 Supply system 

Undei noinidl opeialing conditions, supply voltages can be modulated as balanced 
sinusoidal supply voltages and may be expressed as- 

V.sa=V.sm Sin{C0t) 
vsb-Vsni sin((ot-120°) 
vsi.=Vsni sin((ot-240'') 

where Vsm is the peak value of source voltage and co is its frequency in electrical radian / 
second. 

usa. Lisb and Use the unit current vectors, are derived using instantaneously sensed three- 
phase supply voltage as- 

Usu~Vsa/V sm , 

Ush=V.sh/V sin; 

Usc=Vsc/Vsm; 

Vsni, the amplitude of the supply voltage, is derived as: 

Vsm—-^ {2(Vsu“+Vsih+Vsc") /3} 

4.5.2 Proportional-integral controller 

Modeling of PI controller is presented in this section. Amplitude of reference supply 
current (hn,*) is estimated using PI control over the averaged dc bus capacitor voltage of 
APF. Average dc bus voltage (Vdca{n)) is compared with its reference value (Vdc*) The 
resulting voltage error Ve(n) at nth sampling instant is expressed as: 

Vc(n)=V(],; -Vdca(n) 

Output of PI controller can be expresses as: 

V o(n)=V o(n- 1 )+Kp(V e(n)-V e(n-I ))+KiV e(n) 
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wheie Kp cind Ki are proportional and integral gain constants of voltage controller. 
Limited value of output Vo(n) is taken as amplitude of source current (Lm*). 

4.5.3 Reference supply current generation 

Ihicc-phase balanced reterence supply currents are estimated using the output of the 

•j. 

controller (Lni ) and derived unit current vectors as follows 

Isa “Uiii Usiu Ish Usb, Isc “"Isni blsb; 

4.5.4 Reference active power filter current estimation 

Instantaneous reference currents of active power filter are estimated from reference 

supply current and sensed load currents as- 

I, a ==lst, -111. 

icb "^isb -ilh 

la "be -lb 

li,o*= -(iiu-tiib-i-iic) 

4.5.5 Current controller 

The APL consists of power electronics switches based four-leg voltage source inverter 
using de bus capacitor as an energy storage element. The switching logic can be 
formulated on the basic ol' status of the actual current and the reference current of the 
active power filter. For example: 

• If iuii < (ica*-hb) upper switch is OFF and lower switch is ON in phase “a” leg 

• If ica> (ica*+hb) upper switch is ON and lower switch is OFF in phase “a” leg 
where hb is the width of hysteresis band. 
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4.6 Simulation 


This section presents simulation and performance of system shown in Fig. 4.2 and Fig. 
4.3. Control scheme given in Fig. 4.4 is med and all the simulation have been done with 
the help of SABER. Two topologies of three-phase, four-wire active power filters have 
been considered here. One is a four-leg VSI based APF and another is a VSI with a centre 
tap capacitor. Three types of loads have been simulated here. Initially, non-linear load is 
considered. Subsequently, balanced and unbalanced inductive loads have been. 
Specification of fourth leg three-phase, four-wire active power filter 


Supply voltage 35.53 V 

Supply frequency 50 Hz 

Peak amplitude of supply voltage 50 V 

Link inductor 6 mH 

Link resistor 0.6 Q. 

Capacitor of dc link 6000 pF 

Specification of split-capacitor three-phase, four-wire active power filter 
Supply voltage 35.53 V 

Supply frequency 50 Hz 

Peak amplitude of supply voltage 50 V 

Link inductor 4 mH 

Link resistor 1 ^ 

Capacitor of dc link 12000 pF 


Three-phase four-wire four legs active power filter is simulated and waveforms are given 
in the Figs. 4.5-4.18. For split capacitor APF, the waveforms are given in the Fig. 4.19- 
4.30. 

4.7 Results and Discussion 

This section presents the simulation results and performance evaluation of both the active 
power filter circuits (four-leg and split capacitor of APFs configuration shown in Fig. 4.2 
and 4.3 respectively), while the feeding balanced / unbalance / non-linear / inductive 
loads. 

4.7.1 Compensation of non-linear load 

A single-phase diode bridge rectifier feeding resistive-capacitive load is considered for 
non-linear loading of each phase. The capacitor at the output of uncontrolled diode bridge 
rectifier of every phase draws current of peaky nature and consists of mainly 
fundamental, third, fifth and seventh order harmonics. Load current is shown in Fig. 4.5. 
In Fig 4.6, source voltage and source current are shown which reveal balanced current 
and unity power factor. Fig. 4.8 shows harmonic spectmm of load and source currents 
and THD change from 22.36% to 3.86%. Compensator current is given in Fig. 4.7. 
Neutral current is flowing between the load neutral point and compensator neutral point 
but it is absent in the source neutral wire, and this is shown in the Fig. 4.9. The dc link 
voltage 160 V and it is constant in the steady state. 

4.7.2 Compensation of inductive load 

Inductive balanced loads are considered here drawing current from voltage with phase lag 
of 60° as shown in Fig. 4.10. Fig. 4.11 shows the compensating currents. Neutral current 
is zero and the dc link voltage is constant at 170V as shown in Fig. 4.12. 



4.7.3 Compensation of unbalance load current 

A load current of one phase is “off’ or the load is disconnected as shown in Fig. 4.13, and 
also the source currents are found fully balanced. Similarly, two phases of loads are 
disconnected as shown in Fig. 4.16. However, the source currents are fully balanced as 
given in the same figure. Figs. 4.14 and 4.17 show compensating currents and the dc link 
voltage variation is show in Fig. 4.15. Fig. 4.18 shows the dc link voltage, neutral 
currents of load and source when a single phase load is switched on. 

4.7.4 Compensation of non-linear / inductive / unbalanced loads by 3-<I>, 4-wire split 
capacitor 

Basic configuration of three-phase four- wire split capacitor is shown in the Fig. 4.3, and 
simulated wave forms are given in Figs. 4.19-4.30. Fig. 4.19 shows performance of the 
APF under steady state conditions, load current has harmonics. Load current THD 22% 
but by the controller it has been reduced to 4.6% in the source current as shown in Fig. 
4.21. Source current is at unity power factor and three-phase voltage waveforms are 
given in the Fig. 4.20. Neutral current is flowing between load neutral point and 
compensator point but it is absent in the source side neutral wire. The VAR compensation 
capability is shown in the Fig. 4.24. The neutral current is not flowing in the load side 
and also in the source side as the loads are balanced in Fig. 4.26. The compensator 
current is given for inductive load compensation in Fig. 4.25. Loads are balanced till 
0.05sec. but after 0.05sec., one line of load is switched “off’ so loads are unbalanced, as 
shown in the Fig. 4.27. The source currents are shown in Fig. 4.28. After 0.1 sec. again 
another line of load is switched “off’. So there is only one line of load is connected with 
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Fig. 4.7 Compensating current of three-phase system 


Mag(A) : f(Hz) 



f(Hz) 

Fig. 4.8 Harmonic spectrum of load current and source current 
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Fig. 4.9 Neutral currents in the source side and load side, dc link voltage 
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Fig. 4.10 Source voltage and current, inductive load current 
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Fig. 4.15 Neutral current of source side and load side, dc link voltage 
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Fig. 4.16 Balanced source current and load current 
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Fig. 4.17 Compensating currents 

















Fig. 4.26 Neutral currents and dc link voltage 





Fig. 4.28 Source voltage and source current 




Fig. 4.30 Neutral current and dc link voltage 










4.8 Conclusion 


Various active power filters suitable for three phase four wire system have been 
discussed. Two active power filter configurations, namely, four-leg VSI and split 
capacitor VSI have been studied in detail. Both the systems have been simulated using 
SABER simulator. The steady state and transient simulation of APFs show their 
effectiveness in compensating balanced and unbalanced loads. The APFs also make the 
input power factor unity with zero supply neutral current. 



CHAPTER 5 


HIGH POWER ACTIVE POWER FILTER FOR LINEAR 
AND NON-LINEAR LOADS 

5.1 General 

At high power, efficiency of Active Power Filters (APF) is less due to significant 
switching loss. Therefore, current control in high power application faces difficulty. A 
combination of high power low frequency devices and low power high frequency devices 
has been presented here with superior performance in VAR compensation and harmonic 
filtering. A high power converter (main converter), which consists of high power low 
switching frequency devices, is operated at low frequency to deliver the VAR 
requirement of the load. Another converter (auxiliary converter), which consists of low 
power high frequency devices is operated in parallel to it. The auxiliary converter 
eliminates the harmonics produced by the main converter and that of the load such that 
the utility current I'HD is less than the specified value in IEEE-519 standard for a 
particular level of current. Additionally, the power rating of the auxiliary converter is low 
as it does not handle the reactive load current. The main converter is a three level Neutral 
Point Clamped (NPC) converter which employs GTOs as switching device. 

To show the usefulness of the control scheme, an extensive simulation study has been 
carried out using SABER simulator. 

5.2 Power Circuit Configuration of the Proposed APF 

A three phase three wire star connected utility is considered. The combined Active Power 
Filter is connected in parallel to the load. The main converter is a neutral point clamped 



(NPC) three level inverter (Fig. 5.1), with high power low frequency devices (like GTO). 
By keeping the switching frequency to fundamental only, the switching loss is minimized 
and the full utilization of the current carrying capability of switching devices is realized. 
Thus the main converter can cany high reactive power demand of the load. The auxiliary 
converter consists of low power high frequency devices (like IGBT), controlled by 
hysteresis current control technique. It eliminates the main converter cunent harmonics 
and the load current harmonics from flowing to the utility cunent by high switching 
frequency operation. The two converters share the same dc link capacitor leading to a 
compact structure. 

To avoid circulating cunents between the two converters, the auxiliary converter is 
connected in parallel to the load as well as main converter with an isolation transformer. 
This prevents the circulating reactive cunent between the two converters even though 
they share the common dc link. 

The effects of both linear and non-linear loads have been studied. The non-linear load 
under study is a phase controlled rectifier, which simultaneously produces VAR and large 
cunent harmonics. Fig. 5.1 shows the power circuit configuration with a NPC three level 
inverter as the main power converter of the parallel active power filter scheme, which 
will be termed as Neutral Point Clamped converter based Active Power Filter (NPC - 
APF). 

As found from Fig. 5.1, half of each phase leg is split into t^'o series connected switches 
and mid-point of each pair is connected by diodes (like Dn and Df 4 in phase A) to the 
midpoint N of the two capacitors. 



Here the voltages acioss the switches are only half of the dc link voltage. Fig. 5.2a shows 
the NPC converter output voltage for phase A. When the voltage is positive, switches 1, 
Im conduct, and when the voltage is negative, 4, 4m conduct. When the phase voltage is 
connected to the neutral point N (i.e., zero voltage), switches Im, 4m conduct. The 
present NPC converter topology leads to doubling the number of switches in addition to 
two extra clamping diodes. However, doubling the number of switches with same voltage 
rating makes the dc voltage rating to double, and this increases power handling capability 
of the converter. It is essential to ensure that the two capacitors are charged to same 
voltage because unequal voltages will generate even harmonics. A simple chopper circuit 
(with two switches and an inductor of 10 mH) has been used to maintain the charge 
balanced between two capacitors (shown in Fig. 5.1). The filter inductance (Lm) for the 
main converter is 10 niH and that for the auxiliary converter (La) is 4 mH. Each dc link 
capacitor (Ci and C 2 ) is 1000 pF. 




Fig. 5.1 Power 
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Fig. 5.2 Typical phase and line voltage of NPC converter and 6 - step converter. 

a) Phase to neutral voltage of NPC converter (Van) 

b) Phase to neutral voltage of NPC converter (Vbn) 

c) Line - Line voltage of NPC converter (Vab) 

5.3 Control Strategy of the Proposed APF 

5.3.1 Equivalent circuit representation 

The per phase equivalent circuit of main converter for fundamental frequency is shown in 
Fig. 5.3. Since the main converter is responsible to supply the fundamental VAR 
requirement of the load, the main converter current is compared with the fundamental 
reactive load current to generate a reactive current error. 
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Fig. 5.3 Per phase equivalent circuit of the main converter with fundamental frequency 

voltage and current 


The reactive current error is processed through a PI controller to control the voltage delay 
angle 5 of the main converter for indirect current control. The change of 8 leads to a 
change of active power flow between the utility and the mam converter. Thus, the dc link 
voltage undergoes variation with change of 5. Since, Vcmi (converter fundamental 
voltage) is a function of Vdc, 6 variation leads to change of Vcmi- 
Hence, the main converter current varies according to the following equation. 


’^cml 


- V Z-5^ 


(5.1) 


where. Vs is the supply voltage, Zmam is the impedance of the inductor (Lm) connecting 
the main converter to the supply, and Icmi is the fundamental rms current of the main 
converter. With the information of 5, the modulating signals are adjusted to trigger the 


main converter switches. 



5.3.2 Control of main and auxiliary converters 


The complete system control block diagram for the proposed NPC-APF converter has 
been given in Fig. 5.4. It is desirable that the utility should supply only the active 
component of load current and the loss component of the converters at unity power 
factor. Therefore, the supply current , should be always in phase with respective phase 
voltage. In ideal case, angle 8 is supposed to be zero, as the main converter current caters 
only the load reactive current, which is at quadrature with the supply voltage. However, 
because of the converter losses, the capacitor voltage tends to fall and requires small 
amount of active current from the supply to maintain the charge. So the angle 6 acts as a 
measure of converter losses and a control signal proportional to 5 is added with the active 
component of load current (|iuct|) to determine the reference magnitude of the source 
current. This amplitude, multiplied by a sin-template (in phase with respective utility 
phase voltage) gives the reference utility current (i*s) for the respective phase. 

For non-linear loads, a band pass filter is used to extract the fundamental component of 
load current and its active and reactive components are separated out. The reactive 
component of fundamental load current (|iLreact|) is compared with the reactive component 
of the main converter current (|imam_reactive|) and the error is processed through a PI 
controller. The output of the controller acts as the information 8 (for indirect current 
control) and modulating signals of the main converter are modified accordingly. 

Inverter with low impedance and fast response tends to be overloaded in case of transient 
situation. So, for the start-up, the auxiliary converter is initially not triggered. When the 
main converter current reaches a steady value and the VAR of the load is supplied locally 



fiom the main converter, the utility supplies the active component of currents and some 
higher order harmonics. After the auxiliary converter is switched on, the higher order 
harmonic currents are supplied from the auxiliary converter and the utility supplies only 
the fundamental active component of current. The magnitude of the utility current 
reference is addition of two signal components, namely fundamental active load 
component of current (|iLact|), and a component which brings information about 5 (for the 
loss component of the converters). This amplitude multiplied by appropriate sinusoidal 
template of each phase in the reference current generator produces utility current 
reference (i*s)- The actual supply current (is) is then compared with i*s in a hysteresis 
controller and the output of the controller determines the switching of the auxiliary 
converter. 

5.3.3 Control of dc link voltage and chopper control 

In the present control scheme, the dc link voltage is not compared with a pre-specified 
reference. It automatically charges up or down according to the VAR requirement of the 
load. A chopper circuit is used to keep the two capacitors charged to equal voltage. 
Whenever, one capacitor overcharges with respect to the other, a circulating current flows 
from one capacitor to the other through an inductor of 10 mH, such that the two 
capacitors are brought back to equal voltage. The chopping frequency is 5 kHz. 
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Fig. 5.4 Control block diagram of the proposed compensator scheme of NPC - APF 



5.4 Simulation 


Detailed simulation studies are carried out with SABER simulator to observe the 
performance of the proposed APF with the given control scheme. For the start-up 
process, the main converter is switched on, and after the current has reached steady state, 
auxiliary converter is activated. 

5.4.1 Results and discussion of NPC-APF 

FAR compensation 

The load current has phase lag by 36° from voltage. For performance of NPC-APF as a 
VAR compensator, the result has been shown in the Fig. 5.5. The load current is changed 
from 127A to 100 A, so the source current also changes, which has been shown in the Fig. 
5.6. Variation of dc link voltage is shown in the Fig. 5.7. 

Non-linear load compensation 

Load current is 190A (peak) with a total harmonic distortion of 15% (Fig. 5.9). However, 
the source current is sinusoidal and in phase with the source voltage as shown in the Fig. 

5.10. For the dynamic performance of APF, load current is decreased from 190A to 150A 
(Fig. 5.10) and the load harmonics is compensated up to THD=4.9% as shown in the Fig. 

5.11. Variation of the dc link voltage and main and auxiliary converter currents are 
shown in the Fig. 5.12. 

5.5 Conclusion 

For high power applications, a parallel converter topology (NPC-APF) has been 
proposed. It has been observed that the main converter compensates VAR of the load 



while auxiliary converter is dedicated for compensation of harmonic current generated by 
the main converter and the load. The dynamic performance of NPC-APF for non-linear 
loads has been simulated and found satisfactory. The input current THD is found to be as 
per the IEEE-5 1 9 standard. 
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CHAPTER 6 


CONCLUSIONS AND SUGGESTION FOR FUTURE WORK 

6.1 Conclusion 

Active power filters (APF) are widely used for harmonic filtering and VAR 
compensation in distribution system to improve power quality. Availability of fast and 
high power switching device has contributed significant!}- to the development of APFs. 
The present thesis reported the simulation and performance evaluation of single phase 
and three phase active power filters for linear and nonlinear loads. Initially, an active 
power filter topology for a single supply system has been simulated. This is followed by 
simulation of active filters for three phase, three wire system. Two topologies for active 
filters, namely four-leg inverter and split capacitor inverter, have been simulated for three 
phase four wire system. Finally, a parallel converter topology using a neutral point 
clamped (NPC) three level inverter in parallel with a current controlled active power 
filter (NPC- APF) for high power application has been reported. All APFs have been 
simulated for lagging power factor and nonlinear loads. The results show the 
effectiveness of the APFs in filtering out harmonic currents and compensating VAR of 
the load. 

6.2 The scope for Future Work 

The following suggestions are made for the future work in this area. 

• Use of simpler control scheme for APF control 

• Experimental investigation of the proposed APF topologies. 
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ANNEXURE-1 


Some Additional Results 

A. Single phase APF (kp = 1, k, = 0.01), Vs (peak) = 100 V, 50 IIz, Vdc* = 200 V 
Load; Single phase non-linear load (diode bridge rectifier). 
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Fig. A. 1 Supply voltage, current and load current 
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Fig. A.2 Compensating current and dc link voltage 
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B. Tlircc phase three wire APF 

(kp = 1 , k, = 0.0 1 1 ), Vphase (peak) = 50 V, 50 Hz, Vdc* = 1 80 V 
Load: Three phase non-linear load (diode bridge rectifier). 
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Fig. B.3 Compensating currents 

C. Three phase four wire (four leg inverter) APF 

(kp = 1, ki = 0.0108), Vpha« (peak) = 50 V, 50 Hz, Vdc* = 140 V 

Load: Three phase unbalance load. 
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Fig. C.l Three phase unbalance load currents 
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Fig. C.2 Source currents 
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Fig. C.3 Neutral current of source side and load side, dc link voltage 






D. Three phase four wire (Split capacitor) APF 

(kp = 1 , ki = 0.01 1), Vphase (peak) = 50 V, 50 Hz, Vdc’ = 140 V 
Load: 'rhrcc phase non-liiicar load, (diode bridge rectifier). 
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Fig. D. 1 Three phase load currents 
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Fig. D.2 Source voltage and load currents 




















